Abstract Receptor-mediated cholesterol uptake has been suggested to play a role in maintaining the adrenal intracellular free cholesterol pool and the ability to produce hormones. Therefore, in the current study, we evaluated the importance of scavenger receptor class B type I (SR-BI)-mediated cholesteryl ester uptake from HDL for adrenal glucocorticoid hormone synthesis in vivo. No difference was observed in the plasma level of corticosterone between SR-BI-deficient and wild-type mice under ad libitum feeding conditions. Overnight fasting (?16 h) stimulated the plasma level of corticosterone by 2-fold in wild-type mice. In contrast, no effect of fasting on plasma corticosterone levels was observed in SR-BI-deficient mice, leading to a 44% lower plasma corticosterone level compared with their wild-type littermate controls. In parallel, an almost complete depletion of lipid stores in the adrenal cortex of fasted SR-BIdeficient mice was observed. Plasma adrenocorticotropic hormone levels were increased by 5-fold in fasted SR-BIdeficient mice. SR-BI deficiency induced marked changes in the hepatic expression of the glucocorticoid-responsive genes cholesterol 7a-hydroxylase, HMG-CoA synthase, apolipoprotein A-IV, corticosteroid binding globulin, interleukin-6, and tumor necrosis factor-a, which coincided with a 42% decreased plasma glucose level under fasting conditions. In conclusion, we show that the absence of adrenal HDL cholesteryl ester uptake in SR-BI-deficient mice impairs the adrenal glucocorticoid-mediated stress response to fasting as a result of adrenal glucocorticoid insufficiency and attenuated liver glucocorticoid receptor signaling, leading to hypoglycemia under fasting conditions.-Hoekstra, M., I. Meurs, M. Koenders, R. Out, R. B. Hildebrand, J. K. Kruijt, M. Van Eck, and T. J. C. Van Berkel. Absence of HDL cholesteryl ester uptake in mice via SR-BI impairs an adequate adrenal glucocorticoid-mediated stress response to fasting. J. Lipid Res. 2008. 49: 738-745. 
Abstract Receptor-mediated cholesterol uptake has been suggested to play a role in maintaining the adrenal intracellular free cholesterol pool and the ability to produce hormones. Therefore, in the current study, we evaluated the importance of scavenger receptor class B type I (SR-BI)-mediated cholesteryl ester uptake from HDL for adrenal glucocorticoid hormone synthesis in vivo. No difference was observed in the plasma level of corticosterone between SR-BI-deficient and wild-type mice under ad libitum feeding conditions. Overnight fasting (?16 h) stimulated the plasma level of corticosterone by 2-fold in wild-type mice. In contrast, no effect of fasting on plasma corticosterone levels was observed in SR-BI-deficient mice, leading to a 44% lower plasma corticosterone level compared with their wild-type littermate controls. In parallel, an almost complete depletion of lipid stores in the adrenal cortex of fasted SR-BIdeficient mice was observed. Plasma adrenocorticotropic hormone levels were increased by 5-fold in fasted SR-BIdeficient mice. SR-BI deficiency induced marked changes in the hepatic expression of the glucocorticoid-responsive genes cholesterol 7a-hydroxylase, HMG-CoA synthase, apolipoprotein A-IV, corticosteroid binding globulin, interleukin-6, and tumor necrosis factor-a, which coincided with a 42% decreased plasma glucose level under fasting conditions. In conclusion, we show that the absence of adrenal HDL cholesteryl ester uptake in SR-BI-deficient mice impairs the adrenal glucocorticoid-mediated stress response to fasting as a result of adrenal glucocorticoid insufficiency and attenuated liver glucocorticoid receptor signaling, leading to hypoglycemia under fasting conditions.-Hoekstra, M., I. Hormones are generally considered to be substances secreted into the blood in very small amounts by specialized cells or glands and carried by the bloodstream or by diffusion to other parts of the body, where they interact with specific receptors in target tissue cells to produce a biological response. Hormones can be derived from amino acids, peptides and proteins, or cholesterol. This latter class of hormones is known as the steroid hormones. The adrenals predominantly secrete two types of steroid hormones: mineralocorticoids and glucocorticoids (also called "stress hormones"). Mineralocorticoids such as aldosterone are able to modulate the body's salt balance via the action of the nuclear receptor mineralocorticoid receptor (1) . Glucocorticoids (i.e., cortisol in human and corticosterone in rodents) play an essential role in the regulation of total body glucose metabolism and the inflammatory status under conditions of physiological or psychological stress through their interaction with the glucocorticoid receptor (2, 3) .
Within the adrenals, a constant supply of free cholesterol is required to serve as precursor for the synthesis of mineralocorticoids and glucocorticoids. The rate-limiting step for steroid hormone synthesis is the transport of free cholesterol into mitochondria by steroidogenic acute regulatory protein. In the mitochondria, free cholesterol is rapidly metabolized by the cholesterol side chain cleavage enzyme cytochrome P450scc and other enzymes in the steroidogenic pathway to generate the hormones. The cholesterol needed for optimal steroid synthesis in the adrenals can be acquired from 1) intracellular de novo synthesis of free cholesterol by the enzyme HMG-CoA reductase, 2) intracellular catabolism of stored cholesteryl esters to free cholesterol by neutral cholesteryl ester hydrolase, or 3) receptor-mediated uptake and subsequent intracellular catabolism of cholesteryl esters transported in circulating LDL and HDL [reviewed by Kraemer (4) ].
The scavenger receptor class B type I (SR-BI) is a cell surface receptor expressed predominantly in liver and steroidogenic tissues (i.e., testis, ovaries, and adrenals) (5) (6) (7) (8) that mediates the selective uptake of cholesteryl esters from HDL without the concomitant uptake and degradation of the HDL particle (6) . Studies by Temel et al. (9) have shown that SR-BI serves as the major route for the selective uptake of HDL cholesteryl esters and for the delivery of HDL cholesterol to the steroidogenic pathway in cultured adrenal cells in vitro. Previously, using double labeled [ ]tyramine cellobiose-HDL, whereas the absence of SR-BI also resulted in a marked 87% decrease in the selective uptake of HDL cholesteryl esters in the adrenals (10) . As receptor-mediated cholesterol uptake has been suggested to play a role in maintaining the adrenal intracellular free cholesterol pool, and thus the ability to produce hormones, in the current study we evaluated the importance of SR-BI-mediated cholesteryl ester uptake from HDL for adrenal glucocorticoid hormone synthesis in vivo.
MATERIALS AND METHODS

Animals
SR-BI-deficient mice were kindly provided by Dr. M. Krieger (11) . Heterozygous SR-BI-deficient mice were cross-bred to generate wild-type and homozygous progeny. The offspring of the mice were analyzed for the presence of targeted or wild-type SR-BI alleles by PCR, as described by Van Eck et al. (12) . Male homozygous SR-BI-deficient mice (generated on a 129Sv background and back-crossed five times to C57Bl/6) and wild-type littermate controls were maintained on a sterilized regular chow (RM3; Special Diet Services, Witham, UK). At 12-16 weeks of age, overnight-fasted (?16 h) mice were anesthetized and blood was collected between 9:00 and 11:00 AM for lipid, hormone, and glucose analyses. Subsequently, a whole-body perfusion was performed using phosphate-buffered saline (4jC, 100 mm Hg) for 10 min. After perfusion, livers and adrenals were excised and frozen in liquid nitrogen and stored at 280jC. Animal experiments were performed at the Gorlaeus Laboratories of the Leiden/Amsterdam Center for Drug Research in accordance with national laws. All experimental protocols were approved by the Ethics Committee for Animal Experiments of Leiden University.
Plasma lipid analyses
Plasma concentrations of free cholesterol, cholesteryl esters, triglycerides, phospholipids, and free fatty acids were determined using enzymatic colorimetric assays. The cholesterol distribution over the different lipoproteins in plasma was analyzed by fractionation of 30 ml of plasma of each mouse using a Superose 6 column (3.2 3 30 mm, Smart system; Pharmacia). Total cholesterol content of the effluent was determined using enzymatic colorimetric assays, taking the efficiency of recovery from the column into account.
Tissue lipid composition and histology
Lipids from adrenals were extracted using the method of Bligh and Dyer (13) . After dissolving the lipids in 1% Triton X-100, contents of phospholipids, triglycerides, free cholesterol, and cholesteryl esters were determined as described above and expressed as micrograms per milligram of protein. Seven micrometer cryosections were prepared on a Leica CM3050-S cryostat. Cryosections were routinely stained with hematoxylin (Sigma) and Oil Red O (Sigma) for lipid visualization.
Plasma hormone analysis
Corticosterone and adrenocorticotropic hormone (ACTH) levels in plasma were determined using the corticosterone and ACTH 3 H RIA kits from ICN Biomedicals according to the protocols from the supplier.
Plasma glucose analysis
Plasma glucose levels were determined essentially as described (14) . In short, 200 ml of coloring reagent, containing 2,2 ¶-azino-di(3-ethylbenzthiazoline-6-sulfonate), glucose oxidase, and peroxidase, was added to 5 ml of 253 diluted plasma of SR-BI-deficient and wild-type mice. After a 30 min incubation at 37jC, the absorbance was measured at 405 nm and the glucose concentration was determined.
Analysis of gene expression by real-time quantitative PCR
Quantitative gene expression analysis on livers of SR-BIdeficient mice and their wild-type littermates was performed as described (15) . In short, total RNA was isolated according to Chomczynski and Sacchi (16) and reverse-transcribed using RevertAid TM reverse transcriptase. Gene expression analysis was performed using real-time SYBR Green technology (Eurogentec) with the primers listed in Table 1 , which were validated for identical efficiencies [slope 5 23.3 for a plot of threshold cycle number (Ct) versus log ng cDNA]. Hypoxanthine guanine phosphoribosyl transferase (HPRT), b-actin, GAPDH, acidic ribosomal phosphoprotein P0 (36B4), and cyclophilin were used as the standard housekeeping genes. Relative gene expression numbers were calculated by subtracting the Ct value of the target gene from the average Ct of HPRT, b-actin, GAPDH, 36B4, and cyclophilin (Ct housekeeping) and raising 2 to the power of this difference. The average Ct of five housekeeping genes was used to exclude the possibility that changes in the relative expression were caused by variations in the expression of the separate housekeeping genes.
Data analysis
Statistical analysis was performed using Graphpad Instat software (San Diego, CA; http://www.graphpad.com). Normality testing of the experimental groups was performed using the method of Kolmogorov and Smirnov (Graphpad Instat Software, San Diego, CA; http://www.graphpad.com). The significance of differences was calculated using a two-tailed unpaired t-test or one-way ANOVA. P , 0.05 was considered significant.
RESULTS
Previous studies by Rigotti, Miettinen, and Krieger (17) have shown that mice that do not contain a functional SR-BI protein (SR-BI-deficient mice) show no gross phenotypic indications of adrenal insufficiency under standard feeding conditions, suggesting that SR-BI-mediated cholesteryl ester uptake does not play an essential role in the basal adrenal hormone synthesis. In accordance, we also did not observe a difference in the plasma level of the primary glucocorticoid circulating in mice, corticosterone, between SR-BI-deficient and wild-type mice under ad libitum feeding conditions (Fig. 1) . Importantly, the adrenals produce relatively low amounts of glucocorticoids under nonstressed conditions, whereas the production and secretion of glucocorticoid increases rapidly upon some form of biological stress, because glucocorticoids are crucially involved in the fine-tuning of the response to stress. Therefore, to define the quantitative importance of SR-BI-mediated cholesteryl ester uptake from HDL for adrenal hormone synthesis, we determined the effect of SR-BI deficiency in mice on plasma corticosterone levels under conditions of high glucocorticoid demand, caused by a commonly used form of physiological stress, food deprivation.
Overnight fasting (?16 h) significantly stimulated the plasma level of corticosterone by 2-fold (P , 0.001) in wildtype mice. In contrast, no effect of fasting on plasma corticosterone levels was observed in SR-BI-deficient mice, leading to a 44% (P , 0.001) lower plasma corticosterone level compared with their wild-type littermate controls under fasting conditions (Fig. 1) . This suggests that SR-BImediated cholesteryl ester uptake from HDL is crucial to maintain optimal adrenal hormone synthesis under fasting ("stressed") conditions. Under conditions of stress, the pituitary synthesizes ACTH, which upon its release into the circulation binds to cell surface ACTH receptors on adrenocortical cells and thereby stimulates the cortex of the adrenal gland, leading to a boost in the synthesis of glucocorticoids. To rule out the possibility that the decrease in plasma corticosterone levels in fasted SR-BIdeficient mice was secondary to a decrease in ACTH levels, we determined the effect of the absence of SR-BI on plasma ACTH levels. As shown in Fig. 2 , under fasting ) mice (white bars) that were nonfasted (fed) or subjected to ?16 h of fasting (fasted). Values represent means 6 SEM of four to six mice per group. *** P , 0.001 compared with the three other experimental groups (ANOVA).
Fig. 2. Plasma adrenocorticotropic hormone (ACTH) levels in SR-BI-deficient (
2/2
) mice (black bars) and wild-type ( 1/1 ) mice (white bars) that were subjected to ?16 h of fasting. Values represent means 6 SEM of four to six mice per group. ** P , 0.01 compared with SR-BI-deficient mice (t-test).
conditions, plasma ACTH levels were increased by 5-fold (P , 0.001) in SR-BI-deficient mice compared with controls. The finding that SR-BI-deficient mice produce significantly less corticosterone while ACTH levels are relatively high compared with wild-type mice indicates that SR-BI-deficient mice suffer from adrenal glucocorticoid insufficiency.
Because ACTH is a potent stimulator of the adrenal cortex, we investigated the effect of the high circulating ACTH levels caused by SR-BI deficiency on adrenal morphology under fasting conditions. Macroscopically, the adrenals of SR-BI-deficient mice are darker and have a significantly increased weight compared with those of wild-type mice (Fig. 3A, B) . Oil Red O staining for lipid of adrenal slides from wild-type mice showed intense staining in the cortex area, with no staining in the adrenal medulla. Strikingly, virtually no Oil Red O staining was seen in both the medulla and the cortex of adrenals from SR-BI-deficient mice (Fig. 3C) , suggesting an almost complete depletion of lipid stores in the adrenal cortex of these mice. Quantification of adrenal lipid levels showed a significant decrease in both free cholesterol (223%; P 5 0.025) and cholesteryl esters (252%; P 5 0.015), probably because of a decrease specifically in the adrenal cortex, whereas adrenal phospholipid and triglyceride levels remained unchanged upon SR-BI deficiency ( Table 2) .
Glucocorticoids are important regulators of glucose metabolism and are vital to prevent (possibly fatal) depletion of plasma glucose stores (hypoglycemia) under fasting conditions. As glucocorticoids thus play an important role in the regulation of metabolism under fasting conditions, we analyzed the effect of SR-BI deficiency on plasma glucose levels. In accordance with the essential role for glucocorticoids in maintaining glucose homeostasis, overnightfasted SR-BI-deficient mice suffered from hypoglycemia, as their plasma glucose levels were decreased by 42% (P 5 0.008) compared with wild-type mice (Fig. 4) . No change in plasma free fatty acid or phospholipid levels was seen as a result of SR-BI deficiency ( Table 3) . Plasma free cholesterol and cholesteryl ester levels were increased by 4-fold (P , 0.001) and 2.3-fold (P , 0.001) in SR-BI-deficient mice (Table 3 ) as a result of the accumulation of large cholesterol-rich HDL particles (data not shown), as first described by the Krieger group (11) .
Under fasting conditions, the liver and, to a minor extent, muscles and adipose tissue are the primary target organs of glucocorticoids. To investigate whether the decrease in plasma corticosterone levels led to changes in hepatic glucocorticoid signaling, the mRNA expression levels of genes known to be regulated by glucocorticoids were determined in livers of overnight-fasted SR-BI-deficient mice and wild-type mice. The mRNA expression of the corticosteroid binding globulin (CBG), the expression of which is inhibited by glucocorticoids via the action of the glucocorticoid receptor (18, 19) , was increased by 2.5-fold (P 5 0.002) in livers from SR-BI-deficient mice. This suggests that as a consequence of relatively low glucocorticoid levels, hepatic glucocorticoid receptor activity was decreased in SR-BI-deficient mice. Furthermore, a significant decrease (243% to 265%) was observed in the hepatic mRNA expression of genes that are stimulated by the glucocorticoid receptor and are involved in hepatic lipid and glucose metabolism, such as cholesterol 7a-hydroxylase (CYP7A1) (20) , HMG-CoA synthase (HMGCS) (21) , and apolipoprotein A-IV (ApoA-IV) (22) (Fig. 5) .
Glucocorticoids, via the action of the glucocorticoid receptor, are able to repress the expression of the proinflammatory mediators interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) (23) (24) (25) . In accordance with an impaired glucocorticoid receptor signaling, the hepatic mRNA expression of IL-6 was stimulated by 3.4-fold (P 5 0.006) in SR-BI-deficient mice (Fig. 5) , suggesting that the (hepatic) inflammatory status was increased in these mice. Moreover, a 2.0-fold increase in TNF-a expression was observed, but that failed to reach significance because of the large variation in both groups of mice (Fig. 5) . No change in the expression of the macrophage marker CD68 was detected (data not shown), which excludes the possibility that the relative increase in IL-6 and TNF-a expression levels was attributable to an increase in the absolute amount of tissue macrophages (Kupffer cells) in the liver as a result of the absence of functional SR-BI. No effect on the mRNA expression of the key gluconeogenic enzymes phosphoenolpyruvate carboxykinase (PEPCK) and pyruvate kinase (PK) was observed in SR-BI-deficient mice (Fig. 5) , which suggests that the hepatic gluconeogenesis rate was unaffected in SR-BI-deficient mice under fasting conditions. These combined data indicate that, in addition to a decreased circulating level of the primary glucocorticoid corticosterone, the hepatic activity of the glucocorticoid receptor also was impaired significantly in SR-BI-deficient mice under fasting conditions, ultimately leading to marked changes in the expression of genes involved in lipid metabolism and inflammation in the liver.
DISCUSSION
Glucocorticoids, an important class of cholesterol-derived (steroid) hormones, play an essential role in the regulation of total body glucose metabolism and the inflammatory status under conditions of physiological or psychological stress through their interaction with the glucocorticoid receptor (2, 3) . Previous studies by Rigotti, Miettinen, and Krieger (17) have shown that mice that do not contain a functional SR-BI protein (SR-BI-deficient mice) show no gross phenotypic indications of adrenal insufficiency under standard feeding conditions, suggesting that cholesteryl ester uptake by SR-BI does not play an essential role in basal ("nonstressed") adrenal hormone synthesis. In the present study, however, we explored the possibility that SR-BI does play an essential role in physiological stress-induced adrenal glucocorticoid production, as SR-BI-deficient mice fail to induce plasma glucocorticoid levels upon overnight (?16 h) fasting, ultimately leading to a 43% decreased plasma corticosterone level in these mice compared with wild-type mice. In addition, the total adrenal cholesterol content was decreased by ?40% in SR-BI-deficient mice under fasting conditions, presumably causing the morphological darkening of the adrenals. As cholesterol is a precursor of steroid hormones (4), it is anticipated that the decreased level of corticosterone results directly from the decline in adrenal cholesterol attributable to the impaired HDL cholesteryl ester uptake via SR-BI. Brundert et al. (26) have shown that the large cholesteryl ester-rich HDL accumulating in SR-BI-deficient mice is less capable of delivering cholesterol for steroidogenesis. This may also contribute to the decrease in the plasma corticosterone level in SR-BI-deficient mice. Importantly, Trigatti et al. (27) have shown that female SR-BIdeficient mice are infertile, probably because of a similarly impaired steroidogenesis in the ovaries. Given the fact that SR-BI-deficient mice have very high circulating levels of ACTH, a potent activator of adrenal cortex glucocorticoid production (28) , and a concomitant increase in adrenal weight under fasting conditions, it is suggested that SR-BI-deficient mice are unable to respond adequately to physiological stress impulses, as they suffer from adrenal glucocorticoid insufficiency. Probably as a consequence of the hampered response in plasma corticosterone levels, SR-BI deficiency also resulted in a significant attenuation of hepatic glucocorticoid signaling, as judged from the marked changes in the hepatic expression of the glucocorticoid-responsive genes CYP7A1, HMGCS, ApoA-IV, CBG, IL-6, and TNF-a.
Previous studies in mice have shown that loss of adrenal function as a result of the removal of the adrenals (adrenalectomy) led to reduced plasma glucose levels (29) . In accordance with a hampered adrenal function, we observed that plasma glucose levels were decreased by 42% in SR-BI-deficient mice compared with wild-type littermates. Although an extended glucocorticoid regulatory unit has been detected in the key gluconeogenesis gene PEPCK (30) , no change in the hepatic mRNA expression of PEPCK or PK was observed as a result of the impaired hepatic corticosteroid signaling in SR-BI-deficient mice, suggesting that the decrease in plasma glucose levels was not caused by a change in the hepatic gluconeogenesis rate. In parallel with our data, Friedman et al. (31) showed that adrenal removal in mice, leading to a markedly decreased corticosteroid level, did not affect hepatic PEPCK expression in the fasting state. Importantly, inhibition of ) mice (white bars). Values represent means 6 SEM of five to six mice per group. * P , 0.05, ** P , 0.01, *** P , 0.001 compared with SR-BI-deficient mice (t-test). A.U., arbitrary units.
glucose uptake is a consistently reproducible effect of glucocorticoids added at physiological concentrations to intact fat tissue as well as isolated adipocytes (32) . Therefore, it is suggested that SR-BI-deficient mice suffer from fasting hypoglycemia as a consequence of increased peripheral glucose usage secondary to impaired glucocorticoid signaling.
In conclusion, we have shown that the absence of HDL cholesteryl ester uptake via SR-BI impairs the adrenal glucocorticoid-mediated stress response to fasting in mice as a result of adrenal glucocorticoid insufficiency and attenuated glucocorticoid receptor signaling, leading to hypoglycemia under fasting conditions. Recent findings by Cai et al. (33) have indicated that SR-BI-deficient mice are incapable of adequately responding to another form of physiological stress, lipopolysaccharide-induced endotoxic shock, as a result of primary adrenal malfunctioning. Our combined findings highlight the importance of SR-BI-mediated HDL uptake in the adrenals for maintaining an appropriate response to stress. In light of the fact that functional mutations in the human SR-BI gene [also known as CD36 and lysosomal integral membrane protein-II analogous-1 (7)] have been detected that are associated with changes in HDL cholesterol levels (34-37), it will be interesting to study whether changes in SR-BI expression are also associated with a different response to psychological or physiological stress in the human situation. 
